An integrative multidisciplinary approach was used to delimit boundaries among cryptic species within the Anastrepha fraterculus complex in Brazil. Sexual compatibility, courtship and sexual acoustic behaviour, female morphometric variability, variation for the mitochondrial gene COI, and the presence of Wolbachia were compared among A. fraterculus populations from the Southern (Vacaria, Pelotas, Bento Gonc ßalves, São Joaquim) and Southeastern (Piracicaba) regions of Brazil. Our results suggest full mating compatibility among A. fraterculus populations from the Southern region and partial pre-zygotic reproductive isolation of these populations when compared with the population from the Southeastern region. A. fraterculus populations from both regions differed in the frequency of courtship displays and aspects of the calling phase and mounting acoustic signal. Morphometric analysis showed differences between Southern region and Southeastern region samples. All populations analyzed were infected with Wolbachia. The trees generated from the COI sequencing data are broadly congruent with the behavioural and morphometric data with the exception of one Southern population. The likely mechanisms by which A. fraterculus populations might have diverged are discussed in detail based on behavioural, morphometric, molecular genetics, and biogeographical studies.
INTRODUCTION
The delimitation of species boundaries has been considered a challenge to evolutionary biology and conservation (Bickford et al., 2007; Scheffers et al., 2012) . A research framework based on a multidisciplinary perspective rather than a single approach based on morphology and/or genetics may be more useful to assess species limits. This is particularly true for insects whose sexual communication encompasses visual as well as nonvisual signals such as sound, vibrations, and pheromones (Matthews & Matthews, 1978) . The components of sexual behaviour that involve courtship rituals, sound emission, and pheromones could be more relevant for species recognition in insects than species-specific morphological characters. This might be one of the reasons why some groups harbour a large number of cryptic species since changes in nonvisual signals can precede morphological change (Mayr, 1963; Bickford et al., 2007) .
Behavioural or physiological characters for adaptation to a specific host can experience strong selection on morphology and, therefore, changes might be reduced or eliminated resulting in morphological stasis (Sch€ onrogge et al., 2002; Bickford et al., 2007) . Many closely related species differ in aspects of mating activity, which suggests a relevant role of sexual selection in speciation (Kuijper, Pen & Weissing, 2012) . Females can discriminate males with different characteristics and performances within a population, thus, if this process leads to the differential discrimination among geographically separated populations, it can contribute to speciation (Ritchie, 2007) . Oftentimes, in the case of cryptic species complexes, secondary sexual characters that function as mate recognition signals can be used to distinguish species (Eltz et al., 2011) .
Recently diverged cryptic species complexes characterized by strong similarities represent a challenge to the use of morphological characters for the identification and delimitation of species (Bickford et al., 2007) . Therefore, studies comprising multiple lines of evidence, such as DNA sequencing and metabolomic approaches, have been used to assist in the diagnosis of cryptic species (Lumley & Sperling, 2010; Yeates et al., 2011; Liebeke et al., 2014) .
Many species of tephritids (Diptera; Tephritidae) comprise cryptic species complexes that represent examples of evolutionary radiation (Clarke et al., 2005; Condon et al., 2008; Drew, Raghu & Halcoop, 2008; Virgilio et al., 2013) . One such example is the Bactrocera dorsalis complex for which genetic evidence indicates a rapid and recent radiation (Schutze et al., 2015a,b) . Another well studied example of a cryptic species complex within Tephritidae is the Rhagoletis pomonella complex, which comprises host races and sibling species at different degrees of divergence that arose in sympatry via host shifting (Berlocher, 2000; Berlocher & Feder, 2002; Xie et al., 2008; Rull, Aluja & Feder, 2010; Powell et al., 2014) .
In the genus Anastrepha, a series of morphological and genetic studies has revealed that Anastrepha fraterculus (Wiedemann) actually comprises a complex of multiple species (Morgante et al., 1980; Steck, 1991; McPheron et al., 2000; Smith-Caldas et al., 2001; Hern andez-Ortiz et al., 2004 Barr et al., 2005; Selivon, Perondini & Morgante, 2005; Silva & Barr, 2008; C aceres et al., 2009) . At least four putative species are recognized based on cytogenetics, molecular cytogenetics, isozymes, karyotypes, morphometry, and mating studies so far: Anastrepha sp. 1 aff. fraterculus (Yamada & Selivon, 2001; Selivon et al., 2005; Goday et al., 2006) , Anastrepha sp. 2 aff. fraterculus (Yamada & Selivon, 2001; Selivon et al., 2005; Goday et al., 2006) , Anastrepha sp. 3 aff. fraterculus (Selivon et al., 2004; Goday et al., 2006) , and Anastrepha sp. 4 aff. fraterculus (Selivon et al., 2004; Goday et al., 2006; Silva & Barr, 2008) .
The actual number of putative species within the A. fraterculus complex is yet unknown. However, a recent multivariate morphometric analysis based on 32 populations of A. fraterculus revealed the existence of seven distinct morphotypes along the Neotropics: a Mexican morphotype occurring in Mexico and Central America; a Venezuelan morphotype from the Caribbean lowlands of Venezuela; an Andean morphotype from the highlands of Venezuela and Colombia; a Peruvian morphotype from the Pacific coastal lowlands of Ecuador and Peru; and three Brazilian morphotypes (Brazilian-1, Brazilian-2, and Brazilian-3), suggesting that such morphotypes could represent true species (Hern andez- Ortiz et al., 2012) .
Despite being accepted that differences in mate recognition may account for reproductive isolation in the A. fraterculus complex (Segura et al., 2011) , few studies have been conducted to evaluate sexual compatibility among Brazilian populations. Although partial to complete reproductive isolation in field cages have been observed among A. fraterculus populations from Argentina, Brazil, Colombia, Mexico, and Peru C aceres et al., 2009; Rull et al., 2013; Devescovi et al., 2014) , only one study in field cages to date has focused on Brazilian populations and reported pre-and post-zygotic compatibility among two Southern Brazilian populations and one Argentinean population (Rull et al., 2012) . The significance of mating recognition for our understanding of reproductive isolation in the A. fraterculus complex may be clarified by evaluating aspects of its sexual behaviour. Briefly, A. fraterculus exhibits a lek polygyny mating system in which males aggregate on host and non-host trees exclusively for mating purposes . Lekking males perform complex courtship signals characterized by visual, acoustical (buzzing), and chemical (pheromone) displays to attract receptive and choosy females Gomez-Cendra et al., 2011) .
Given all we know about the A. fraterculus complex, evaluating multiple lines of evidence, from genetics to behaviour, seems to be the best way to further determine the evolutionary mechanisms driving its cryptic divergence. For this reason, the current study investigated five populations of A. fraterculus from Southern and Southeastern Brazil seeking to address species delimitation within the A. fraterculus complex by taking a multidisciplinary approach based on sexual behaviour, morphometrics, and molecular genetics. Our specific aims were: (1) to test for evidence of sexual compatibility between Brazilian populations of A. fraterculus from different geographical origins and similarity in their courtship patterns; (2) to study acoustical communication to determine if populations from different localities differ regarding the acoustic communication system; (3) to carry out morphometric analysis of samples to verify the presence of distinct morphotypes; (4) to look for distinct genetic lineages within the complex based on COI sequences; and (5) to examine the presence/absence of Wolbachia infection due to its potential to play a role in reproductive isolation in the complex, as suggested by previous studies (Selivon et al., 2002 (Selivon et al., , 2005 . We then integrated the results across these multiples lines of evidence to further resolve the A. fraterculus complex.
MATERIAL AND METHODS SAMPLE ORIGIN AND REARING PROTOCOL
In all experiments, we used samples of A. fraterculus from five locations in Brazil, as shown in Figure 1 . Samples from Bento Gonc ßalves (BEN) (29°10 0 15″S, 51°31 0 08″W), Pelotas (PEL) (31°46 0 19″S, 52°20 0 34″W), and Vacaria (VAC) (28°30 0 43″S, 50°56 0 02″W) were collected as larvae in Acca sellowiana (BEN, VAC) and Psidium cattleianum (BEN, PEL) and reared on papaya (Carica papaya) according to Machota et al. (2010) at the Instituto de Biologia, Universidade Federal da Bahia (UFBA). The sample from São Joaquim (SJO) (28°17 0 38″S, 49°55 0 55″W) was originally collected as larvae in Campomanesia xanthocarpa and also reared on papaya supplemented by the periodical addition of wild flies for 14 years at the Estac ßão Experimental de São Joaquim of the Empresa de Pesquisa Agropecu aria e Extensão Rural de Santa Catarina (Epagri). The sample from Piracicaba (PIR) (22°42 0 00″S, 47°47 0 00″W) was originally collected on Eugenia pyriformis and kept in laboratory conditions at the Centro de Energia Nuclear na Agricultura (CENA) (Piracicaba, São Paulo) (Walder et al., 2014) on artificial diet (Salles, 1992) for approximately 5 years. Subsets of the samples from SJO and PIR were reared on papaya (Carica papaya) prior to testing and kept at the same laboratory conditions used for rearing BEN, PEL, and VAC.
Colonies were kept at 25 AE 1°C, 70 AE 10% relative humidity, and 12L:12D photoperiod. Emerged flies were fed water and a diet based on hydrolyzed protein and sugar (1:3) (Silva Neto et al., 2012) ad libitum. In the tests, we used sexually mature flies aged between 16 and 22 days (generations 1-8) from VAC, PEL, and BEN and flies aged between 10 and 14 days from PIR and SJO, as flies from the latter two populations matured earlier. Males and females tested were of the same age.
Representative females from all populations were kept in 70% ethanol and identified by Vicente Hern andez-Ortiz (Instituto de Ecolog ıa, C. A., Mexico), Keiko Uramoto (Universidade de São Paulo), and Consuelo Nunes (Agência de Defesa Agropecu aria da Bahia).
MATING COMPATIBILITY
Pre-zygotic mating compatibility tests between flies from the Brazilian Southern (BEN, PEL, VAC, SJO) and Southeastern (PIR) regions were carried out at the Instituto de Biologia (UFBA) and at the Biof abrica Moscamed Brasil (Juazeiro, Bahia) in field cages (2 m high 9 3 m diameter and 3 m length 9 2.5 m width 9 3 m height), each housing a potted ficus tree (Ficus benjamina L.) of approximately 1.6 m in height and a canopy of 2 m in diameter following the guidelines in the FAO/IAEA/USDA Manual for Product and Quality Control (2003) . Seven different pairwise combinations were evaluated: BEN vs. PEL (n = 6), BEN vs. SJO (n = 5), BEN vs. VAC (n = 5), VAC vs. SJO (n = 8), PIR vs. BEN (n = 6), PIR vs. VAC (n = 6), PIR vs. SJO (n = 6). Flies marked with water-based paint were tested using 25 females and 25 males of each population for every replicate (total of 50 males and 50 females per field cage). Males were always released 15 min before females and mating observations were carried out from 6:15 to 11:00 am. In all experiments, average temperature was 26 AE 2°C, average relative humidity was 60 AE 20%, and average lighting was 3000 lux.
Mating pairs were gently coaxed into glass tubes capped with cotton. The following data were recorded for each pair following Segura et al. (2007 Segura et al. ( , 2011 and Petit-Marty et al. (2004) : mating latency; copulation time; mating position inside the tree (NE, NW, SW, or SE quadrants; low, medium, or high height; and peripheral or central regions, upper and lower leaf surfaces) in order to infer on the distribution of individuals of each A. fraterculus population in the leks.
Pre-zygotic reproductive isolation between populations was estimated using a joint analysis of the following indices: Index of Sexual Isolation (ISI), Male Relative Performance Index (MRPI), and Female Relative Performance Index (FRPI) (Cayol et al., 1999; FAO/IAEA/USDA, 2003) and their confidence intervals (Rull et al., 2012) .
The significance of all indices (ISI, MRPI e FRPI) used to evaluate pre-zygotic mating compatibility was given through 95% confidence intervals (Quinn & Keough, 2002 ). Fisher's exact tests were performed to compare the frequencies of four possible types of mating pairs from the mating compatibility tests: two heterotypic (♂B♀A, ♂A♀B) and two homotypic (♂A♀A, ♂B♀B). Kruskal-Wallis tests were applied to compare their mating latency and copulation time. Additionally, male position within the leks was inferred by mating position and compared through a chi-squared test of independence. These analyses were performed using SPSS 17.0 (SPSS Inc, Chicago, IL, 2008) and R Commander (Fox, 2005) .
COURTSHIP BEHAVIOUR
The courtship behaviour of males that mated successfully was analyzed in each of the five populations (BEN, PEL, VAC, SJO, PIR). For each recording, two males from the same population were released in a glass box (9 9 7 9 9 cm) with a leaf of Surinam cherry (Eugenia uniflora) with the petiole to provide a display surface for the interactions, as it is known that A. fraterculus males generally are found on these structures on trees . Two males were used in each trial so that lekking behaviour occurred in the biologically realistic context of multiple males. To distinguish them, one of the males was marked with a small dot of water-based paint on the thorax. Five minutes after one of the males started releasing sexual pheromone, here identified by the presence of a pheromone droplet in the male abdominal tip (Gomez-Cendra et al., 2011), a female from the same population was released in the box. Subsequently, flies were recorded using a digital camcorder (GeoVision, mod. GvBx 220D) (at 30 frames per second) for up to 30 min in the AVI format using the Geo Vision 800 software. Observations started at 7:00 am and ten replicates per population were carried out. In all experiments, average temperature, relative humidity and lighting were 25 AE 2°C, 60 AE 20%, and 1500 lux, respectively.
Video recordings were evaluated frame by frame to identify the behavioural units. We estimated behavioural frequencies as the number of times a male performed a particular behavioural unit before mating. Behavioural units executed continuously were recounted every time a new behaviour was performed by the male (e.g. male continually releasing pheromone that performed Spin). The frequency of each behavioural unit was analyzed using the EthoSeq (Japyass u et al., 2006) software. Only the successful male (the one that mated) was considered in each recording, since our goal was to compare behavioural units that represented mating recognition and preference by females from each population. The behavioural units Arrowhead 1 and 2, as well as Call 1 and Call 2, were fused into the categories Arrowhead and Calling, respectively, due to limitations of the camera. Frequencies of each behavioural unit were compared among A. fraterculus populations using the Generalized Linear Models (GLM) assuming the data followed a Poisson distribution.
ACOUSTICAL COMMUNICATION DURING COURTSHIP
To assess the acoustical communication of four populations of A. fraterculus (BEN, VAC, SJO, PIR), tests were conducted in a sound-insulated room on a shock-proof table to decrease environmental noise. Experiments consisted of releasing adults from the same origin at 12-20 days of age into a plastic cage (18 cm diameter 9 5 cm high) where their behaviour was recorded until the first mating or during 30 min when no matings were observed. Initially, 3-5 males and one female were released into the cage and, if insects did not sing or show behavioural displays after 10 min, new females and males were added until the maximum of 10 males and six females.
Acoustical signals were recorded with a microphone (AKG C1000S, AKG Acoustics, Nashville-USA) with a response range of 50 Hz to 20 KHz and size of 3.3 9 22 cm (diameter 9 high) placed through a hole (3.5 cm diameter) on the top of a plastic cage. The signals captured by the microphone were amplified with an amplifier (Hot Sound SPA4300, Hot Sound Ind ustria e Com ercio de Equipamentos Eletrônicos Ltda, Valinhos, São Paulo), digitized by a USB audio-capture UA-25EX (Edirol-Roland-24bits-96 KHZ) and stored on a computer using Cool EditPro (Syntrillium Software 2001 -Fort Wayne, Indiana, USA) at 46 bit and 44 100 sample rate. Further analyses were done using Sound Forge 4.5 (Sonic Foundry).
Signals were characterized by computing their temporal and spectral parameters using 10-30 pulse trains and 30-50 pulses for each individual. A pulse was defined as unitary homogeneous parcels of sound waves of finite duration (Broughton, 1963) , and a song as a sequence of pulses and/or pulse trains with a distinct beginning and end. Observations and recordings started at 09:00 am. Songs were characterized and named following the behavioural context in which they were emitted. The nomenclature followed Mankin, Malavasi & Aquino (1996) as calling songs (sequences of buzzing songs produced by wing fanning) emitted by males to attract females and mounting songs (wing fanning emitted when the male jumped onto the female to copulate).
Spectra were determined by the dominant frequency, harmonics, and by frequency modulation (FM) described as down-or upward oriented sweep quantified by the frequency difference per signal duration (Hz/s) or amplitude modulation (AM), described as the difference on the amplitude as the frequency keep constant. Temporal characteristics of pulses were presented as pulse duration and repetition time (the time difference between onsets of two consecutive pulses). Signal duration was measured between its onset and end where the amplitude decreases within the noise level. The pulse period (or repetition time) was measured between onsets of the two sequential signals. Frequency spectra and sonograms were obtained by Sound Forge 4.5 software (Sonic Foundry) using the following parameters: Frequency 0 to 500 Hz, FFT size 8.192, 99% FFT overlap. Data were smoothed applying the BlackmanHarris method. Tests were conducted at the Empresa Brasileira de Pesquisa Agropecu aria (EMBRAPA) Recursos Gen eticos e Biotecnologia (Bras ılia, Brazil).
Mean values of principal temporal and spectral parameters estimated for each individual were compared among populations. Analysis data on rate of long to short pulses of calling song were transformed to log (X + 1) to normalize. To compare the number of pulses per pulse train, a GLM and Deviance analysis specifying errors with Poisson distribution were applied prior to the analyses. To reduce the effect of large variables in the distance distortion, the values of parameters were standardized by division of each value by grand mean. All statistical tests were performed at 5% significance level and for song analyses it was adjusted by one-step Bonferroni error correction (nine variables for calling signals and two variables for mounting signals). All these analyses were performed using R 3.2.2.
LINEAR MORPHOMETRICS
In total, 99 female specimens from five Brazilian locations were examined from Southern Brazil: BEN (nine specimens), PEL (10 specimens), VAC (25 specimens), SJO (10 specimens); and from Southeastern Brazil: PIR (45 specimens). Measurements of the mesonotum, aculeus and wing, comprising 27 morphometric traits were prepared and assessed for each specimen following methods described by Hern andez-Ortiz et al. (2004 , including some additional variables (Table 1) .
Morphometric analysis was carried out with specimens grouped by locality of origin through a discriminant function analyses (DFA) applied to the entire data set. Pairwise comparisons from group centroids represented by Squared Mahalanobis Distance matrices (SMD) were used to explain the dissimilarities between samples. The Statistica software program (StatSoft, 2006) was used in all morphometric analyses.
MOLECULAR ANALYSES
Sequencing of COI DNA was extracted from three legs of each single fly using the "DNeasy Blood & Tissue" kit (Qiagen). Extractions were stored at À20°C. A total of 35 individuals from BEN, PEL, VAC, SJO, PIR, Tucum an (Argentina), and Xalapa (Mexico) were analyzed (five individuals per population). Voucher specimens were stored at À20°C at the Universidade Estadual de Santa Cruz (UESC), Ilh eus, Bahia, Brazil.
A fragment of 584 bp within the mitochondrial COI gene was amplified by the polymerase chain reaction (PCR) using primers LCO-1490 (5 0 -GGTC-AACAAATCATAAAGATATTGG-3 0 ) and HCO2198 (5 0 TAAACTTCAGGGTGACCAAAAAATCA-3 0 ) (Folmer et al., 1994) . PCR reactions and amplification conditions followed Ruiz-Arce et al. (2012) . DNA sequencing was performed at the Centro de Estudos do Genoma Humano at the Universidade de São Paulo (CEGH-USP) using the DYEnamic ET Dye Terminator Kit in an ABI 3730 DNA Analyser (Life Technologies -Applied Biosystems). The sequences were aligned using Muscle in Mega version 5.05 (Tamura et al., 2011) .
MEGA 5 (Molecular Evolutionary Genetics Analysis) (Tamura et al., 2011) was used to calculate nucleotide composition and genetic distance and for the phylogenetic analyses using the neighbour-joining method (NJ) with the Jukes-Cantor distance and bootstrap with 1000 replications. Bayesian analyses were carried out using MrBayes 3.0 (Ronquist & Huelsenbeck, 2003) . The appropriate model of sequence evolution was chosen using the Akaike Information Criterion (AIC) using jModeltest v. 0.1.1 (Guindon & Gascuel, 2003; Posada, 2008) . Amongsite variation rate was modelled with a gamma correction (Yang, 1996) based on the GTR substitution model. The MCMC was also run for 10 000 000 generations with trees sampled every 1000 generations. The first 250 trees were discarded as the burn-in phase. Anastrepha coronilli was used as the outgroup for both analyses.
Wolbachia detection The BEN, PEL, VAC, SJO, PIR populations were screened for Wolbachia. PCR was used to test for the presence of Wolbachia using general wsp primers (wsp_F1 5 0 GTCCAATARSTGATGARGAAAC 3 0 , wsp_R1 5 0 CYGCACCAAYAGYRCTRTAAA 3 0 ) (Baldo et al., 2006) . PCR amplification was carried out according to Baldo et al. (2006) . PCR products were run on 2% agarose gels stained with Gel-Red and photographed using Image Quant 350 system (GE Healthcare). Two individuals per population were analyzed for all populations.
RESULTS

MATING COMPATIBILITY
Populations from the Southern region were sexually compatible with no differences in the frequencies of heterotypic and homotypic mating combinations for all pairwise comparisons tested (BEN vs. PEL, v 2 = 1.23, P = 0.746; BEN vs. SJO, v 2 = 1.97, P = 0.580; VAC vs. BEN, v 2 = 0.22, P = 0.979; VAC vs. SJO, v 2 = 1.98, P = 0.575, Fig. 2 ). Indices of Sexual Isolation (ISIs) were not distinguishable from random mating (see ISIs, Fig. 2 ). Mating percentage was around 70% for tests involving BEN, VAC, and SJO, and 56% for tests comparing PEL and BEN populations. Nonetheless, PIR showed partial sexual incompatibility with populations from the Southern region. Heterotypic and homotypic matings between flies from PIR and Southern Brazil differed significantly for all types of pairwise comparison evaluated (PIR vs. BEN, v 2 = 35.58, P < 0.0001; PIR vs. SJO, v 2 = 41.21, P < 0.0001; PIR vs. VAC, v 2 = 29.75, P < 0.0001, Fig. 2 ). The ISIs between pairs from PIR and Southern Brazil populations were above 0.5 and their confidence intervals indicated assortative mating (Fig. 2) . All combinations involving populations from the Southern region and between PIR and VAC exhibited equal mating propensity for both sexes (see MRPI and FRPI). However, males from BEN and SJO had a higher mating frequency when compared to PIR males. Regarding females, those from BEN and PIR participated equally in matings during pairwise tests involving both populations. However, SJO females were more active participating on matings than PIR females when these two populations were compared.
Mating latency did not differ significantly for any mating combination and copulation time was slightly significant only for comparisons between flies from Vacaria and Bento Gonc ßalves (H 3, 175 = 7.91, P = 0.048) ( Table S2 ). This slight and unexpected difference may have been due to outliers of extreme copulation times in some homotypic crosses between individuals within the Vacaria population (165-270 min) and between Vacaria females and Bento Gonc ßalves males (178-214 min).
Regardless of their origins, mating pairs were mostly collected in the more light-exposed zone, represented by the highest part of the tree and its periphery. Also, mating pairs were observed more frequently under the leaves (total mean = 72.4% AE 1.7), followed by on the petioles (total mean = 23.1% AE 1.9), and on the top of the leaves (3.7% AE 1.3). Mating pairs did not differ in their position in the tree allowing us to infer that the leks were formed by a balanced participation of males from both origins.
COURTSHIP BEHAVIOUR
The characterization of the courtship behaviour of A. fraterculus from BEN, PEL, PIR, SJO, and VAC followed Gomez-Cendra et al. (2011) with some modifications. A total of 12 behavioural units were identified, as described in Table S1 . One of the 12 behavioural units identified in this study, the one in which the male marks the leaf with sexual pheromone (called Marking leaf for us) had been described for A. suspensa (Sivinski, Epsky & Heath, 1994) , but never before for A. fraterculus. Here, we report the same behaviour for males from BEN and SJO.
The total time of courtship analyzed was different among the A. fraterculus populations as flies were video recorded for up to 30 min or until they mated. We examined a total of 10 recordings for each A. fraterculus population and, considering the total time recorded for each population, VAC had the longest time of video recording (35 min 39 s), followed by BEN (24 min 18 s), PIR (22 min 55 s), PEL (21 m 56 s), and SJO (19 min 54 s). Besides the total time recorded, those populations differed significantly regarding the frequencies of some behavioural units associated with mating success such as Arrowhead (Fig. 3) , but did not differ regarding Attempt (v 2 = 1.77, d.f. = 4, P = 0.776). Flies from all populations exhibited a high intra-and inter-populational variation. Despite being described in this study, the frequencies of other behavioural units (Table S1) were not evaluated here, since we assumed that they seemed to be less important for mating success, as described by Gomez-Cendra et al., 2011. However, reporting which behavioural units were identified in our populations may be important for future studies.
ANALYSIS OF ACOUSTICAL COMMUNICATION DURING
COURTSHIP
The calling phase of A. fraterculus courtship behaviour was characterized by emissions of irregularly spaced pulse trains (Fig. 4A) , which comprised short pulses (Fig. 4C ) and long pulses (Fig. 4D ) emitted in sequences with variable numbers of each type. Long pulses were formed by the fusion of two or more short pulses. Pulses were characterized by a clear peak of low fundamental frequency (~100 Hz) and a sequence of 3 or 4 harmonics (Fig. 4E, F, G, H) . Both short and long pulses appeared in sonograms as a clear sweep in their frequency (modulation of frequency) and variations in amplitude (amplitude modulation).
Short and long pulses were analysed separately. Short pulse parameters (pulse duration, repetition time, and frequency) did not differ significantly among A. fraterculus populations (Table 2) . Regarding long pulses, the São Joaquim population showed the longest pulse duration and the longest repetition time ( Table 2 ). The fundamental frequency of the PIR population was higher than the fundamental frequency of A. fraterculus populations from the Southern region.
The mounting signal was characterized by an individual long pulse of higher frequency than the calling song, a FM element, and four to five clear harmonics in its spectra. Despite being similar among all A. fraterculus populations, the mounting signal in the PIR population showed the highest fundamental frequency in comparison with the Southern region populations (Table 2) .
LINEAR MORPHOMETRICS
The cluster analysis resulting from the matrix of Squared Mahalanobis distances (SMD) among five locations showed that samples from the Southern region (BEN, PEL, VAC, and SJO) exhibited the closest morphologic similarities, which supports their classification as morphotype Brazilian-1. However, the specimens examined from the Southeastern region (PIR) were found to be highly divergent from all of the other samples examined (Table S3 , Fig. 5) , which prevents the classification of PIR as morphotype Brazilian-1.
The discriminant function analysis (DFA) revealed that only the first two Canonical Variates were significant (Wilks' Lambda: 0.05652 approx. F 60,314 = 5.7011 P < 0.0001), which contributed with 92.6% of the resulting differences. Specially, the Canonical Variate-1 separated the specimens from Intensity ( PIR, contributing with 67.6% of the differentiation among samples; whereas the Canonical Variate-2 contributed with 25%. The scatterplot factor scores of the individuals grouped by locality of origin showed that specimens coming from the locality of PIR diverged significantly from the rest of individuals belonging to other locations, as well as the means of centroids from Canonical Variates among Brazilian populations ( Fig. 6; Fig. S1 ). The summary of DFA applied to the five Brazilian samples comprised a total of 27 variables, from which 15 were considered in the prediction's model, and just seven of them were found to be of significance: two variables of the aculeus (A2, A7); a single one of the thorax (M1), two of the wing (W4, W5); and two proportions X1, X5 (see Table S4 ). For instance, the PIR specimens showed the lowest ratios between aculeus length/thorax length (X1); the proximal arm of V-band on posterior margin of wing (W4) was significantly shorter; and the ratio of width at beginning of serrated section/length of serrated section (X5) was higher than any other locations. Aculeus tip shape and typical wing patterns observed for each population sample are available in the supporting information (Figs. S2, S3 ).
SEQUENCING OF COI
The length of the COI sequences analyzed was 584 bp with 561 conserved sites and 23 variable sites. Sequences were deposited at GenBank under accession numbers KT598702-KT598737. Regarding References: Information in brackets centered and in italics represents the comparison between populations. Differences between populations were compared by ANOVA (analysis of variance) and Tukey HSD (honest significant distance) mean comparison. GLM and Deviance analyses were applied to the analyses of for pulse/pulse train. PTD, pulse train duration; PD, pulse duration; RT, repetition time; FF, fundamental frequency; N, number of individuals used for calling and courtship song parameter estimative; ND, null deviance; RD, residual deviance. *Statistical significance P < 0.05. Mean values followed by different uppercase (A or B) letters indicate statistical significance. nucleotide differences, the average Jukes-Cantor distance among the seven A. fraterculus populations analyzed here was 0.008 AE 0.01. Divergence levels ranged from 0.0 to 0.021 between the populations analyzed. The lowest levels of divergence were found between populations from Southern Brazil, except for BEN, and Argentina (TUC) (0.0 to 0.003). It is noteworthy that the highest genetic distance observed between the Mexican population, which we know is a distinct morphotype from all the Brazilian populations analyzed so far, and BEN was 0.021; between Mexico and the remaining populations from the Southern region (PEL, VAC, SJO) ranged from 0.005 to 0.014, and between Mexico and Piracicaba ranged from 0.005 to 0.012. The PIR population showed genetic distances ranging from 0.009 to 0.012 when compared to populations from Southern Brazil (except for BEN). The highest levels of divergence observed between the BEN population and the other populations analyzed ranged 0.009-0.021. The genetic distances between A. coronilli (a well-established species within the fraterculus group) sample and the BEN population samples ranged from 0.014-0.019. The genetic distances between A. coronilli and the Mexican population samples ranged from 0.009-0.016. The genetic distances between A. coronilli and the samples from the remaining A. fraterculus populations from PIR and the Southern region (PEL, VAC, SJO) ranged from 0.009 to 0.016. Interestingly, the distances between A. coronilli and the Argentinean samples were 0.012, with no intra-population variation.
The trees constructed by the Bayesian (Fig. 7A ) and NJ ( Fig. 7B ) methods had topologies that were very similar with no major differences. Both trees showed a clade that comprised most populations from Southern Brazil (PEL, VAC, SJO) and the population from Argentina with a high statistical support (Bootstrap = 72% and PP = 1) and this grouping reflects the low divergence levels between these populations. However, the BEN population was placed outside the first clade therefore not close to the other three Southern populations. In the NJ analysis, the Mexican population is a sister group to the clade comprising the populations of BEN and PIR. In the Bayesian analysis, there is a clade containing the populations of PIR and BEN (PP = 0.56) and the population of Mexico remained in a different branch.
Wolbachia
Wolbachia was detected in all adults of A. fraterculus examined from populations of all five localities.
DISCUSSION
Based on a multidisciplinary approach, we tried to verify boundaries among cryptic species within the Anastrepha fraterculus complex studying populations from Southern and Southeastern Brazil. Our results suggest full mating compatibility among A. fraterculus populations from the Southern region (BEN, PEL, VAC, SJO) and partial pre-zygotic reproductive isolation of these populations when crossed in field cages with a population from the Southeastern region (PIR). Behavioural units differed in frequency among populations. Although all populations have produced a similar pattern of acoustical communication, SJO and PIR differed in aspects of the calling phase and mounting acoustic signal. Morphometric similarities among Southern region samples and morphological divergence among them and the PIR samples corroborate the results of mating compatibility studies described here. All populations analyzed were infected with Wolbachia. The trees generated from the COI sequencing data are broadly congruent with the behavioural data.
Based on our morphometric results, all A. fraterculus populations from the Southern region matched the Brazilian-1 morphotype (sensu Hern andez-Ortiz et al., 2012), and showed full sexual compatibility despite the differences found in their courtship behaviour. Similar results were previously reported for A. fraterculus populations from Vacaria, Pelotas, and Argentina (Tucum an) (Rull et al., 2012) . Mating latency and copulation time did not differ between A. fraterculus populations from the Southern region. Furthermore, copulation start time for the studied Southern region populations was concentrated early in the morning just after sunrise in accordance with what has already been described for Argentinean populations (Petit-Marty et al., 2004; Vera et al., 2006) .
Full mating compatibility was also demonstrated among populations of A. fraterculus from two Argentinean geographic regions (Petit-Marty et al., 2004) . According to these authors, Argentinean populations might belong to a single species within the A. fraterculus complex and did not differ in relation to mating latency and copulation time. In addition, our COI data revealed genetic similarity among most of the Southern populations (PEL, VAC, and SJO) and between those and the Argentinean population of Tucum an, lending support to the behavioural results in this study. Our results corroborate the findings of Smith-Caldas et al. (2001) regarding the close genetic similarity between flies from Argentina and Southern Brazil. Therefore, Argentina and Southern Brazil populations are likely to belong to the same putative species within the A. fraterculus complex, the Brazilian-1 morphotype, as predicted by Rull et al. (2012) .
The population of BEN, however, was placed outside the clade grouping the other three Southern populations albeit with low statistical support. In another genetic study using a phylogeographic analysis of COI sequences with multiple populations from Brazil (Lima, 2015) , BEN population also appeared as distinct from other Southern populations with a high statistical support. DNA sequence differentiation may occur in the absence of behavioural or other phenotypic divergence. The extent of differentiation in the COI sequences might be characteristic of population-level rather than species-level divergence as has been found for other genes in genetic studies on Bactrocera (Morrow et al., 2000) . The exact meaning of this difference regarding the BEN population, however, is still not clear and requires further testing.
Pre-zygotic isolation is often a primary factor in speciation (Coyne & Orr, 1997; Kirkpatrick & Ravigne, 2002) . Indeed, cues from distinctive sensorial modalities are related to mate choice in a broad range of animal taxa (Hohenlohe & Arnold, 2010) . In insects, differences in sexual pheromone (Ayasse, Paxton & Tengo, 2001; Smadja & Butlin, 2009 ) and cuticular hydrocarbons (Ferveur, 2005; Grillet et al., 2012; Jennings et al., 2014) are often associated with reproductive isolation among related species. In cryptic species within the A. fraterculus complex, it is already known that chemical communication plays a relevant role in mating recognition. For instance, populations of A. fraterculus from Peru (La Molina) and Argentina (Tucum an) exhibited high levels of pre-zygotic reproductive isolation partially due to qualitative and quantitative differences in male sexual pheromone composition (C aceres et al., 2009) .
According to Brizova et al. (2013) , BEN, SJO, and PIR populations share a degree of similarity in their pheromone composition, whereas the populations of VAC and PEL are clearly distinct from the others (Brizova et al., 2013) . In our study, the variations found in sexual pheromone composition were not associated with mating compatibility among populations from Southern Brazil. Rather, except for Piracicaba, all Brazilian populations showed full sexual compatibility. It is also relevant to point out that mating preference in Drosophila are not always influenced by differences in hydrocarbon composition (Coyne, Wicker-Thomas & Jallon, 1999) and that host plants may influence the composition of sexual pheromone in insects (Landolt & Phillips, 1997; Nosil, Crespi & Sandoval, 2002) . Nevertheless, differences in pheromone composition and/or cuticular hydrocarbons in the A. fraterculus population from the Southeastern region (Piracicaba) might explain its significant level of sexual incompatibility with the Southern populations (BEN, PEL, VAC, SJO) analyzed herein. We advocate that not all differences in sexual traits will result in pre-zygotic isolation. Actually, the significance of species-specific mating signals in sexual isolation is questionable if they are not closely adjusted to female preference (Ritchie, 1996; Ritchie, Halsey & Gleason, 1999) . Thus, unless assortative matings were correlated with specifics sexual traits among A. fraterculus populations, differences found in sexual pheromone, cuticular hydrocarbons, courtship behaviour, and acoustic communication should not be interpreted as an indication of reproductive isolation.
The partial mating incompatibility involving the population from Piracicaba is not exclusive to our study. Vera et al. (2006) reported both partial sexual incompatibility and significant unequal distribution of males within leks between Piracicaba and two other South American populations (Tucum an-Argentina and La Molina-Peru). Despite the level of pre-zygotic reproductive isolation between the A. fraterculus population from PIR and the Southern region populations revealed in our study, no differences were found regarding distribution of males within leks. Furthermore, in our analysis of the COI sequences, the PIR population showed divergence from the other Brazilian populations and clustered with the Mexican population with reasonable statistical support. Our genetic results are in line with the behavioural results for partial mating incompatibility for this population. Perhaps the PIR population may have become geographically isolated in recent evolutionary time, which has resulted in some divergence of mitochondrial lineages between this population and the ones in the Southern region. Possible causes for its divergence may be the geographical distance between PIR and the Southern populations or habitat fragmentation of the Atlantic forest biome where the populations studied are found, which would significantly reduce the gene flow between them. For instance, geographic isolation was more important than host-plant association in determining genetic structure of Grapholita molesta (Lepidoptera, Tortricidae) populations from Southeastern and Southern Brazil (Silva-Brandão et al., 2015) . Besides being found in the same Brazilian regions, both A. fraterculus and G. molesta are polyphagous insects with high dispersion potential and, consequently, might be subjected to similar forces that ultimately cause populational differentiation.
Additionally, partial mating incompatibility between PIR and Southern region populations could not be attributed to cytoplasmic incompatibility solely due to the presence/absence of Wolbachia since our results showed that all the Brazilian populations analyzed herein were infected by this endosymbiont. Further characterization of the Wolbachia strains present in these populations would be interesting since cytoplasmic incompatibility that can result in post-zygotic isolation may be affected not only by the presence of this endosymbiont but also by the strain type, host genotype or density of bacterial population (Werren, 1997; Poinsot et al., 1998; Vala, Breeuwer & Sabelis, 2000) .
Overall, our results involving PIR are interesting since there is a paucity of data on A. fraterculus populations from Brazil regarding the existence of potential distinct reproductive barriers between these cryptic species using a multidisciplinary approach. To date, most studies involving cryptic species of the A. fraterculus from Brazil have focused heavily on populations from the Brazilian Southeastern region (Selivon, Morgante & Perondini, 1997; Selivon & Perondini, 1998; Selivon, Perondini & Morgante, 1999; Selivon et al., 2004 Selivon et al., , 2005 and not much is known about ecological aspects affecting their distribution and speciation patterns. Evolutionary mechanisms underlying speciation should be identified through quantification and comparisons among the relative strengths of multiple reproductive barriers (Williams & Mendelson, 2014) . Based on our findings, we explore three main arguments and one extrapolation in this order, to explain possible reasons behind the partial sexual incompatibility found between Piracicaba and the Southern region populations: (1) cryptic divergence, (2) laboratory-domestication, (3) hybridization, and (4) biogeographic patterns (refugia theory).
Firstly, multiple lines of evidence suggest that our PIR population might be a hybrid or a new cryptic species within the Anastrepha fraterculus complex. Although it was classified as Anastrepha sp. 1 aff. fraterculus by Walder et al. (2014) , our study showed that the PIR population is behaviourally, genetically, and morphologically different from the populations previously classified as either morphotype Brazilian-1 (Hern andez- Ortiz et al., 2004 Ortiz et al., , 2012 or Anastrepha sp. 1 aff. fraterculus (Selivon et al., 2005) . In our mating compatibility tests, PIR females exhibited mate preference for conspecific males rather than for males from the Southern region (recognized as morphotype Brazilian-1).
Interestingly, studies evaluating A. fraterculus populations from Piracicaba have found flies in at least three hosts: Eugenia pyriformis, a.k.a. uvaia (Walder et al., 2014) ; Malpighia emarginata, a.k.a. Barbados cherry (B. J. Paranhos, personal communication), and P. guajava, a.k.a. guava (Araujo & Zucchi, 2006; Vera et al., 2006; Hern andez-Ortiz et al., 2012) . Because it is known that host races have potential to drive ecological speciation in fruit flies (Berlocher & Feder, 2002) , care should be taken when studying A. fraterculus from the Brazilian Southeastern region. As discussed by Rull et al. (2012) , Piracicaba is geographically close to Santa Isabel (about 200 km away), where at least two sympatric morphotypes use distinct hosts, namely Anastrepha sp. 1 aff. fraterculus infesting guava (P. guajava) and Anastrepha sp. 2 aff. fraterculus being found in orange (Citrus sinensis) (Selivon et al., 2005) . Also, Anastrepha sp. 3 aff. fraterculus from at least three areas, including Santa Isabel, was reported sharing the same myrtaceous host with morphotype Brazilian-1 in sympatry (Selivon et al., 2004) . However, whether sympatric populations within this complex are reproductively isolated or are connected by gene flow remains to be known.
Secondly, modifications in the behaviour of tephritids reared in laboratory are well known in the literature (for a review see Cayol, Aluja & Norrbom, 2000) , thus since the PIR population has been kept under laboratory conditions for over 50 generations, behavioural changes are expected. We acknowledge that this phenomenon could have been a factor in our results, which limits the strength of our conclusions. However, lines of evidence from several other studies in similar tephritid systems that compared mating compatibility between wild and laboratory strains (including A. fraterculus from other regions) suggest that the changes in laboratory strains often do not result in divergence in mating compatibility Allinghi et al., 2007; Pereira et al., 2007; Rull et al., 2012) . Consequently, we suggest that the main reason for the sexual incompatibility between the PIR and the Southern region populations observed in our study might be reasonably due to either intrinsic differences in its sexual and/or genetic traits that affect mate recognition or interpopulational differences among the wild sources of A. fraterculus.
Contrasting behavioural frequencies related to mating success (specifically Calling, Fanning and Spin) were found between the wild and laboratoryreared A. fraterculus populations evaluated in our study. Such differences suggest that laboratorydomestication resulted in the reduction of courtship behaviour frequencies of A. fraterculus; nevertheless, reduction in behavioural frequencies does not necessarily imply reduction of sexual compatibility. Although the SJO population had been kept under laboratory conditions for an extended period of time (14 years) and had showed behavioural frequencies similar to the laboratory population from PIR, they were not sexually compatible. Additionally, only SJO was sexually compatible with the other Southern Brazilian populations studied. Both laboratory-reared populations, PIR and SJO, showed no differences in courtship behaviour but exhibited differences in sexual compatibility, which reinforces the idea that laboratory conditions per se may not explain the partial sexual isolation found herein. Yet, the wild PEL population showed lower frequencies of Fanning and Spin when compared to the wild flies from VAC, but they were sexually compatible in field cage tests. In this case, flies from PEL mated faster than flies from VAC which resulted in both lower total courtship time and, consequently, lower frequencies of Fanning and Spin for the PEL population.
Our analysis of acoustical communication during courtship also found differences involving lab-reared and wild populations of A. fraterculus. Briefly, the SJO population exhibited the longest pulses and pulse periods, whereas the PIR population showed higher frequencies in short pulses and higher fundamental frequency in comparison to the other populations. Again, the laboratory-domestication process could have led to modifications in the acoustic signals but such differences may not always result in sexual isolation. Perhaps song is not the main factor driving sexual isolation within the A. fraterculus complex. For example, similarities in male songs of two distinct Brazilian populations within the A. fraterculus cryptic species complex indicated that calling song attributes do not contribute to reproductive isolation (Mankin et al., 1996) . Contrastingly, courtship songs are widely known to contribute to sexual isolation in several closely related species in Drosophila (Ritchie et al., 1999; Yamada, Matsuda & Oguma, 2002; Mazzi et al., 2009; Li, Wen & Ritchie, 2012) . To clarify the role played by acoustic communication in pre-zygotic isolation within the A. fraterculus cryptic species complex, we recommend further studies comparing males and females from different populations to evaluate potential correlations between female preference and male courtship songs.
Thirdly, the sexual incompatibility found between A. fraterculus from PIR and populations from the Southern region could be due to the occurrence of hybridization in the PIR samples. This hypothesis is supported by our findings regarding morphometric differences as well as the geographic localization of Piracicaba surrounded by areas in which two other morphotypes that often share the same hosts (Selivon et al., 2004 (Selivon et al., , 2005 . Morphologically, one A. fraterculus population also from Piracicaba reared from P. guajava was classified as morphotype Brazilian-1, which encompasses other populations from Argentina (Concordia, Tucum an, and Misiones), Southern Brazil (Cac ßador -SC, Uberlândia -MG), and Southeastern Brazil (Botucatu -SP, São Paulo -SP) (Hern andez-Ortiz et al., 2012).
The formation of new cryptic species within the A. fraterculus complex may have been favored by assortative mating among hybrids (Segura et al., 2011) . Following the hypothesis proposed by Segura et al. (2011) , Oroño et al. (2013) found high genetic variability and low gene flow among A. fraterculus populations from Tucum an exploiting sympatric and synchronous hosts, which led them to recognize that the response to male pheromone and host volatile recognition are connected in A. fraterculus females. Those findings suggest a possible mechanism of divergence within the A. fraterculus cryptic species complex, which should be investigated in further studies. Hybridization could take place if cryptic species were not fully reproductively isolated in sympatry, fed on the same host plant, and bred at the same time of the day and season. Depending on the strength of the post-zygotic reproductive isolation between related species, homoploid hybrid speciation may or not be possible (Mallet, 2007) . Recent studies have shown that a new species is most likely to arise via homoploid hybrid speciation under strong ecologi-cal selection and the long-term persistence of the new species would heavily rely on ecological divergence (Gross & Rieseberg, 2005) .
Ultimately, we speculate that the partial pre-zygotic isolation involving A. fraterculus from PIR reported here might reflect biogeographic events. Based on fossil pollen data and paleoclimatic models to explain diversity patterns in the Brazilian Atlantic forest (along coastal areas), Carnaval & Moritz (2008) predicted the presence of forest refugia (stable areas) in Northeastern Brazil, the Bahia refuge and Pernambuco refuge, throughout the Pleistocene glaciation. Such events consisted of contractions of species 0 ranges in refugial areas during glacial periods followed by expansions in interglacial stages, which resulted in the formation of new clades and subgroups (Hewitt, 2004) . Unlike the refugia hypothesis proposed for the diversification of Amazonian forests, whose ideas were falsified by pollen record, molecular, and paleocological data (Colinvaux, De Oliveira & Bush, 2000; Lessa, Cook & Patton, 2003; Bush & Oliveira, 2006) ; the Carnaval-Moritz forest refuge model was validated and supported by paleopalinological and phylogeographical studies. The presence of a large refugium in Southeastern Brazil was predicted by compiling records of 14 animal species including some arthropods (Porto, Carnaval & Bernardo da Rocha, 2013) . Furthermore, Carnaval et al. (2014) analyzing the Atlantic forest climate identified different climatic regimes in Northern and Southern Brazil, as well as a transitional area located around the Doce river that matches bioclimatic transition and patterns of species turnover. Therefore, considering the history of endemism in the area formerly covered by the Brazilian Atlantic forest that included Piracicaba (Morellato & Haddad, 2000; Pinto-da-Rocha, da Silva & Bragagnolo, 2005) , it is reasonable to assume that areas where Piracicaba and other sympatric A. fraterculus populations are currently located (in the state of São Paulo) (Selivon et al., 2004 (Selivon et al., , 2005 were probably under the influence of environmental shifts linked to past species distribution patterns, as proposed by Porto et al. (2013) and Carnaval et al. (2014) .
Despite being general, these assumptions can lead us to consider other factors driving speciation and distribution of the cryptic species within the A. fraterculus complex in Brazil. Several areas of endemism could have arisen in refugial areas distributed throughout Brazil, which probably ended up with the actual number of cryptic species distributed in the particular fashion that we see today. Thus, if it is true that the distribution of cryptic species from the A. fraterculus complex is determined by past biogeographic events, then we should expect to find more cryptic species in areas described as past refugia (e.g., Northeastern Brazil), not only in Brazil but all over the Americas. Hence, we would recommend and encourage the use of information about past biogeographic events to both identify potential refugia areas and predict the distribution of cryptic species of the A. fraterculus complex. However, it is necessary to make it clear that appropriate studies and more compelling evidence are necessary to better explore the presence of climatic refugia in the past underlying the speciation of the A. fraterculus cryptic species complex.
The role played by sexual selection on the differentiation of cryptic species within the A. fraterculus complex in Brazil needs to be better understood. Once incipient species, such as those found in the A. fraterculus complex, have low genetic divergence, they can be useful models in studying how sexual selection influences speciation (Panhuis et al., 2001) . In conclusion, we would encourage further studies focused on several cryptic species of A. fraterculus and related taxa comparing courtship sequences in addition to frequencies of behavioural units, since these traits are described as complex and variable (Gomez-Cendra et al., 2011) . Also, studies involving Brazilian populations of A. fraterculus from the North, Northeast, and Southeast could reveal more about the evolutionary process underlying speciation within this complex. 
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